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1994.We have studied maturational changes in the kinetics of the proximal tubule Na+ /H+ antiporter.
Microvillus membrane vesicles were prepared from renal cortex of fetal and newborn lambs. Amiloridesensitive uptake of 22Na+ by these vesicles was measured and Woolf-Augustinsson-Hofstee plots were used to determine the Michaelis constant (K,> and rate of maximal uptake (Vmax>. Initial studies of fetal lambs at 130-132 days gestation (n = 5; term is 145 days) and 3-to 4-day-old lambs (n = 5) revealed no maturational change in K, (7.27 * 1.25 for fetuses and 9.01 t 1.03 mM for lambs); however, there was a 242% increase in V max (from 1.28 t 0.33 in the fetuses to 4.37 t 0.85 nmol . s-l * mg protein-l in the lambs, P = 0.005). Further definition of the developmental change in Na+/H+ antiporter V was obtained when 144-day-gestation fetuses (n = 5) w:E compared with 24-h-old sibling lambs (n = 5) that had been delivered by cesarean section at 144 days gestation. Again, no significant difference was seen in Na+/H+ antiporter Km (14.9 t 6.5 for fetuses and 12.5 2 3.4 mM for lambs); however, a significant increase in Na+/H+ antiporter Vmm occurred (from 1.41 * 0.51 in the fetuses to 3.32 rf: 0.37 nmolsl*mg protein-l in the lambs, P < 0.01). This study shows that there is a maturational increase in renal cortical Na+ /H+ antiporter Vmm during the transition from fetal to newborn life. This increase parallels the increase in renal tubular Na+ reabsorption that occurs at this time.
fetus; development; sodium; sodium/hydrogen ion exchanger THE ABILITY OF THE KIDNEY to reabsorb sodium is low during fetal life and increases in the postnatal period. In the sheep, the fractional excretion of sodium is 5-8% in the term fetus and declines to 1% or less in 24-h-old lambs (28). A similar pattern has been observed in other animal species, including humans; in newborn infants of less than 30 wk gestation the fractional excretion of sodium may exceed 5%, whereas it is only 0.2% in term newborns (1). Mechanisms to explain these changes are not fully understood. It has been suggested that changing transtubular pressure gradients (19), increases in tubular surface area available for solute reabsorption (24), increases in distal tubular responsiveness to aldosterone (33), and a rise in renal sympathetic nerve activity (32) may contribute to the changes in renal sodium handling during development. In addition, there have been efforts to elucidate maturational changes in the sodium transporters of the proximal tubule, since the sodiumtransporting capacity of this segment increases during early life (19) . It has been suggested that maturation of the proximal tubule basolateral membrane Na+-K+-adenosinetriphosphatase (Na+-K+-ATPase) contributes to the increased ability of the newborn kidney to reabsorb sodium (35).
Since, in the mature kidney, a substantial proportion of reabsorbed sodium crosses the proximal tubule luminal membrane via the Na+/H+ antiporter, and since upregulation of Nat-K+-ATPase activity may be secondary to increased activity of the Na+ /H+ antiporter (17) , it has been proposed that changes in the activity of the Na+/H+ antiporter may be important during development. Like Na+-K+-ATPase, there is evidence for developmental regulation of the Na+/H+ antiporter. Perfusion studies of isolated segments of rabbit proximal convoluted tubules from juxtamedullary nephrons have shown an increase in apical Na+/H+ antiporter-mediated proton flux during the first 6 wk of life (4). Cultured proximal tubule cells from newborn rats show less capacity for Na+/H+ exchange than those from more mature rats (10). Beck et al. (5) have found, with microvillus membrane vesicles from rabbit renal cortex, that the Vmax of the Na+/H+ antiporter increases with maturation when term fetuses are compared with adults. Somewhat in contrast to these observations, Zelikovic et al. (40) have shown, with microvillus membrane vesicles from rat renal cortex, a higher Nat/H+ antiporter Vmax in newborns than in adults.
Although previous studies have compared proximal tubule Na+/H+ antiporter activity in immature animals with that in adults, it is not known what changes occur in Na+/H+ antiporter activity during the transition from fetus to newborn, a time during which there is a substantial increase in the ability of the kidney to reabsorb sodium. Therefore, the present series of studies was designed to test the hypothesis that the transition from fetal to newborn life is associated with an increase in proximal tubule Na+/H+ antiporter activity that parallels a rise in renal Na+ reabsorption.
METHODS

Animals.
Renal cortices from fetal and newborn lambs of Dorset and Suffolk mixed breeding were used to obtain microvillus membrane vesicles. Gestational ages were based on the induced ovulation technique as described previously, and all animals studied were conceived by this technique (18). In the first set of studies, 130-to 132-day-gestation fetuses (term is 145 days) were compared with vaginally delivered 3-to 4-day-old newborn lambs. The fetuses were delivered by.
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DEVELOPMENT OF KIDNEY NA+/H+ ANTIPORTER ACTIVITY cesarean section, performed with the ewe anesthetized by intravenous thiopental sodium followed by a mixture of 1% halothane-33% OZ-66% N20 given by endotracheal tube, and were immediately killed upon clamping of the umbilical cord. In a second set of studies, 144-day-gestation twin fetuses were delivered by cesarean section, performed with the ewe under spinal-epidural anesthesia, using 10 ml of 1% lidocaine as described previously (28). In each case, the first twin was immediately killed upon clamping of the umbilical cord, and the second was delivered, warmed, dried, and provided 100 ml/kg of 5% dextrose in water with 34 meq NaCl/l and 30 meq KCl/l intravenously over the first 24 h of life, after which time it was killed. These second twins received ampicillin, 0.5 g intravenously, at 2 and 10 h after birth. All animals were killed with an intravenous injection of pentobarbital sodium. All procedures were approved by the University of Iowa Committee for the Care and Use of Animals.
Preparation and characterization of membrane vesicles. Renal cortical microvillus membrane vesicles were isolated using a method based on the Mg-aggregation method of Booth and Kenny (7), as modified by Aronson (2). Kidneys were quickly removed at death, and cortices were homogenized with 15 rapid strokes in a Potter-Elvehjem homogenizer in 4 vol of ice-cold 40 mM KOH, 80 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), and 150 mM D-mannitol, pH 7.5 (KHM). MgS04 (final concentration 12 mM) was added to aggregate the intracellular and basolateral membranes, and the homogenate was stirred on ice for 15 min. The homogenate was initially centrifuged at 0-4°C at 2,340 g [4,400 revolutions/min (rpm) in a Beckman 52-21 centrifuge, JA-20 rotor] for 10 min. This pellet (Pl) was discarded. The supernatant was centrifuged at 32,500 g (16,400 rpm) for 25 min, and this pellet (P2) was vortexed with a glass stirring rod and allowed to sit on ice for 15 min. The P2 pellet was then resuspended in KHM plus 12 mM MgS04 followed by centrifugation at 3,800 g (5,600 rpm) for 10 min. This pellet (P3) was discarded. Centrifugation of the supernatant at 32,500 g for 25 min yielded the P4 pellet, which, after vortex with a glass stirring rod, was allowed to sit on ice for 15 min. The P4 pellet was then resuspended in KHM plus 12 mM MgS04 and centrifuged at 4,350 g (6,000 rpm) for 10 min. This pellet (P5) was discarded. Centrifugation of the supernatant at 32,500 g yielded the P6 pellet, which was resuspended in preincubation buffer [containing, in mM, 17 2-(N-morpholino)ethanesulfonic acid (MES), 22 KOH, 140 D-mannitol, 42 HEPES, and 20 tetramethylammonium chloride (TMA-Cl), pH 6.81 plus 1 mM dipotassium EDTA and subjected to another centrifugation at 32,500 g to yield the P7 pellet, which represented brushborder membrane and was resuspended in enough preincubation buffer (without dipotassium EDTA) to yield 15-20 mg protein/ml. Membrane vesicles were stored at 4°C and used within 18-24 h for kinetic studies.
In experiments designed to demonstrate an overshoot, the membrane vesicles were resuspended in acidic preincubation buffer (containing, in mM, 80 MES, 40 KOH, 150 D-mannitol, and 20 TMA-Cl, pH 6.1), centrifuged at 32,500 g for 25 min and resuspended in enough acidic preincubation buffer to yield lo-20 mg protein/ml. The vesicles were then incubated at 23°C for 2 h prior to use.
In all experiments, the membrane vesicles were preincubated for 1 h before use at 23°C with 0.18 mM valinomycin (6-28 kg/mg protein), added as a stock solution dissolved in ethanol (final ethanol content of 0.5-l%).
Valinomycin to the microvillus membrane vesicle and incubation solution mixture at precisely timed intervals, using a metronome for timing. The entire mixture was then poured over a prewetted 0.65 km Millipore filter (DAWP). The filter was washed with an additional 4 ml of stop solution and placed in 5 ml of scintillation fluid (RPI, 3a70B). The isotope retained in the membrane vesicles was measured by scintillation spectroscopy. Nonspecific binding of isotope to the filter was determined by the addition of stop solution directly to the radioisotope solution, followed by the washing and filtration steps described above. The counts per minute due to the binding of radioisotope to the filter were subtracted from the total counts per minute obtained for each uptake experiment.
Role ofpassive Na+ diffusion in vesicular Na+ uptake. Na+ influx into microvillus membrane vesicles was measured in the absence of Na+/H+ antiporter activity (at an alkaline pH, where Na+ /H+ antiporter activity is negligible), and the ability of MIA to inhibit this influx was determined. Mem'brane vesicles from fetuses of 130-132 days gestation (n = 3) and from 3-to 4-day-old newborn lambs (n = 3) were resuspended in a solution of (in mM) 80 Tricine, 45 K+, 150 mannitol, 5 Cl-, and 0.18 valinomycin, pH 8.15, and allowed to incubate at 23°C for 2 h before use. Uptake of 22Na+ was then measured after a 2-s incubation in the presence of (in mM) 80 Tricine, 9 KS, 1 Na+, 35 TMA+, 150 mannitol, and 5 Cl-with and without 0.5 MIA, pH 8.15. Valinomycin, 0.18 mM, was used as described above, but in this instance to generate an insidenegative potential from the outwardly directed K+ gradient. Uptake was terminated with an ice-cold solution of 6 mM Tricine and 138 mM LiCl, pH 8. 15 .
Role of passive H + diffusion in vesicular Na+ uptake. Despite the fact that the kinetic analysis of Na+ uptake is based on initial rates of uptake (which reflect the initial transmembrane pH gradient), we examined the possibility that maturational changes in H+ diffusion rates across the vesicle membranes could account for differences in Na+ uptake between the age groups tested. We used the pH-sensitive fluorescent dye acridine orange to compare rates of proton efflux from vesicles with an outwardly directed proton gradient. When intravesicular pH (pHi) < extravesicular pH (pH,), acridine orange is trapped by vesicles and fluorescence is quenched; by measuring fluorescence spectrophotometrically, we were able to use the rate of loss of fluorescence quenching as an indication of rate of proton efflux. Role of Na+ binding in measurements of Na+ uptake. To examine the possibility that developmental differences in Na+ uptake by vesicles could be accounted for by differences in nonspecific Na+ binding, we measured the effect of monensin, a Na+ ionophore, on Na+ uptake. By washing the vesicles with a monensin-containing buffer, only bound Na+ remained after washing.
The compositions of the respective experimental solutions are given in the legends to Figs. 1-8.
Data anaZysis and statistics. In each experiment, studies were performed at least in triplicate, and the mean of the multiple determinations served as one value for calculation of the mean value. All data are means I~I SE. The values for maximal uptake rate (Vmax> and Michaelis constant (K,> were determined using Woolf-Augustinsson-Hofstee plots of the least squares regression lines of kinetic data. Data were compared using the unpaired Student's t-test. 
RESULTS
Membrane vesicle preparation. Table 1 shows the enzyme enrichments for the microvillus membrane vesicle preparations studied. These preparations were highly enriched in r-GT, a marker for brush-border membranes, and had low levels of enrichment in enzyme markers for basolateral membrane, endoplasmic reticulum, mitochondria, and lysosomes. Vesicles from the 144-day-gestation fetuses and those from the 24-h-old lambs had comparable high levels of enrichment of y-GT and low levels of enrichment of Na+-K+-ATPase.
Intravesicular glucose space determinations. Figure 1 shows the glucose spaces for membrane vesicle preparations at equilibrium from each of the four age groups studied. There were no significant differences in intravesicular glucose spaces between the groups, indicating that the vesicle sizes were similar.
Transport studies. In the initial studies, the time courses of 50 FM Na+ uptake into the 3-to 4-day-old lamb membrane vesicles, in the presence of an outwardly directed proton gradient, demonstrated an intravesicular accumulation of Na+ by 30 s to a concentration higher than that found at equilibrium (an overshoot) (Fig. 2B) . No such overshoot was seen in the 130-to 132-day-gestation fetal membrane vesicles ( Fig. 2A) . The inhibition of uptake into membrane vesicles in the presence of either 0.5 mM amiloride or 0.5 mM MIA was equivalent for both age groups (data not shown). MIA is a highly potent and specific inhibitor of Na+/H+ exchange (22) and was used to demonstrate that amiloridesensitive Na+ uptake represents Na+ /H+ exchange, despite an absence of overshoot in membrane vesicles from the fetuses.
Initial velocities of Na+ uptake into membrane vesicles were measured over a range of extravesicular Na+ concentrations to measure the Vmax and K, values of Na+ /H+ exchange. Measurement of uptake at early time points, when the uptake rate was linear, allowed for the determination of the initial velocity of uptake. In the presence of the highest extravesicular Na+ concentration (16 mM), uptake was linear until 2 s (Fig. 3) . It can therefore be inferred that Na+ uptake rates in the presence of the lower extravesicular Na+ concentrations (0.5-8 mM) were also linear until 2 s or later (as a result of a less ranid collanse of the nH gradient) and renresent initial velocities of Na+ uptake. The early time courses of amiloride-sensitive and MIA-sensitive Na+ uptake were equivalent, again demonstrating that amiloride-sensitive Na+ uptake represents that of the Na+/H+ antiporter (Fig. 4) . Figure 4 also demonstrates that, under the conditions used for the kinetic experiments, the amiloride-insensitive component of Na+ uptake was similar for both groups.
Analysis of the initial velocities of amiloride-sensitive Na+ uptake by Woolf-Augustinsson-Hofstee plots shows a developmental pattern of maturation of the Na+/H+ antiporter (Fig. 5) . In this type of plot, linear regression analysis of kinetic data (plotted as velocity vs. the ratio of velocity to substrate concentration) yields the Vmax as they-intercept and the K, as the negative of the slope of the line. There were no significant differences in the K, between the 130-to 132-day-gestation fetuses (7.27 t 1.25 mM) and 3-to 4-day-old lambs (9.01 t 1.03 mM, P > 0.05); however, the Vmax in this group of fetuses (1.28 t 0.33 nmol*s+ l rng protein-l) was only 29% of that found in the 3-to 4-day-old lambs (4.37 t 0.86 nmol . s-l l mg protein-l, P = 0.005 vs. fetuses).
In the second series of experiments, which compared membrane vesicles from 144-day-gestation fetuses with those from their siblings (as 24-h-old lambs), five pairs of twins were studied. This second series of experiments was undertaken to determine the extent to which the process of birth influenced the maturation of Na+/H+ antiporter activity. One-day-old lambs were compared with their fetal siblings so that the only essential difference between the groups was whether or not birth had occurred. Insufficient membrane vesicles were obtained from one fetus to allow for kinetic analysis and from one lamb to allow for evaluati .on of overshoot. The time courses of 50 FM Na+ uptake, in the presence of an outwardly directed proton gradient, again demonstrated an overshoot in the newborn membrane vesicles, whereas none wa .s seen in the fetal membrane vesicles (data not shown). The early ti .me courses of amiloride -sensitive Na + uptake were li near until 2 s, in the presence of 16 mM extravesicular Na + concentration, al .lowing th .e use of 2-s amiloride-sensitive Na+ uptakes at all concentrations for determinations of initial uptake velocities through the Na+/H+ antiporter. Kinetic analysis of these initial velocities of amiloride-sensitive Na+ uptake shows that a substantial part of the maturation of the Na+/H+ antiporter observed in the first set of studies occurred during the first 24 h of life (Fig. 6) . The Vmax of the Na+ /H+ antiporter from 144-day-gestation fetuses was only 42% of that found in the 24-h-old sibling lambs (1.41 t 0.51 for fetuses and 3.32 t 0.37 nmols-l*rng protein-l for lambs, P < 0.01). There was no significant change in the K, of the antiporter detectable during this time (14.9 t 6.5 for fetuses and 12.5 t 3.4 mM for lambs, P > 0.05); however, the membrane vesicles from the fetuses showed quite variable K, values, possibly due to low levels of uptake. The Vmax of the Na+/H+ fetuses. The resulting low signal-to-noise fleeted in the more variable K, values for ratio is rethe vesicles from the fetuses compared with those from the newborns.
Role ofpassive Na+ diffusion in vesicular Na+ uptake. To demonstrate that the observed differences between the groups in Na+ uptake were not due to differences in passive Na+ influx, we studied Na+ leak into microvillus membrane vesicles under conditions where Na+ /H+ antiporter activity would be negligible (in an alkaline pH) and where a large intravesicular negative potential existed to drive Na+ uptake. Under these conditions, a substantial influx of Na+ was seen in the vesicles from fetal sheep (0.172 t 0.039 nmol2 s-l l mg protein-l, n = 3), whereas a smaller degree of influx was seen in the vesicles from the newborn animals (0.055 t 0.031 nmol.2 s-l l mg protein-l, n = 3). (Under the conditions of the kinetic experiments, with pHi = 6.8, pH, = 7.4, extravesicular Na+ of 0.5 mM, and the transmembrane voltage clamped at 0, Na+ uptake was 0.143 t 0.019 nmol l 2 s-l l mg protein-l in microvillus membrane vesicles from the fetuses and 0.418 t 0.068 nmol.2 s-l l mg protein-l from those of the newborns). Under the alkaline conditions, there was some attenuation of Na+ influx by 0.5 mM MIA (0.100 t 0.016 for fetuses, and 0.033 t 0.027 nmol.2 s-l.rng protein-l for newborns); however, the degree of influx of Na+ in the presence of MIA was not statistically different from that in the absence of MIA.
The passive Na+ conductances (i.e., amiloride-insensitive uptakes) were similar under the conditions used in the kinetic experiments. When the extravesicu lar Na+ concentration was 0.5 mM, this amiloride-insensitive 20 0 component was 14 t 2.5% of the total uptake by vesicles from the 130-to 132-day-gestation fetuses, whereas it was 8.6 t 1.3% of that for the vesicles from the 3-to 4-day-old lambs. It, therefore, must be concluded that this small difference in passive Na+ conductance became more apparent under alkaline conditions, where diffusional flux was a relatively larger component of the total flux. Role of passive H+ diffusion in vesicular Na+ uptake. Vesicles placed in MES buffer, pH 6.1, containing 5 ~.LM acridine orange (control) showed no fluorescence quenching. When placed in the HEPES buffer, pH 7.5, containing 5 PM acridine orange, the rates of recovery from fluorescence quenching by vesicles from fetuses were similar to those from newborns (Fig. 7) . If there was a difference between these two groups in passive H+ diffusion, then it appears that the vesicles from the newborn animals had a slightly higher rate of efflux. Therefore, the rate of collapse of the pH gradient cannot account for the observed differences in Na+ uptake by the membrane vesicles from these two groups. Time (SW)
Role of Na+ binding in measurements of Na+ uptake. We used monensin to measure the degree of Na+ binding to the membrane vesicles over the range of extravesicular Na+ concentrations used in the kinetic experiments (0.5 mM and 16 mM). Na+ uptake in the presence of monensin was minimal when compared with uptake in the absence of monensin and was also substantially less than the amiloride-sensitive uptake (Fig. 8) . Therefore, Na+ binding was insignificant, did not differ between the groups, and cannot account for the differences in Na+ uptake observed in the kinetic experiments.
DISCUSSION
These results demonstrate a significant increase in Na+ /H+ antiporter Vmax during the transition from fetus to newborn. Of particular interest is the finding that a substantial proportion of this maturational change occurs in the first 24 h of life, the specific time during which the greatest increase in urinary sodium reabsorption occurs. 131-day-gestation fetuses (n = 2) and 3-day-old newborn lambs (n = 2) in presence of monensin with extravesicular Na+ concentration of 0.5 and 16 mM. Membrane vesicles were preequilibrated in a solution of (in mM) 17 The increased Nat/H+ antiporter Vmm in the newborn membrane vesicles cannot be explained by a greater enrichment of brush-border membranes in these preparations compared with those from the fetuses, as the opposite pattern was observed ; the enzyme assays performed showed that the fetal mem .brane vesicles were more highly enriched with brush-border membrane and less enriched with basolateral membrane than the membrane vesicles from the 3-to 4-day-old lambs. Of particular importance, however, is the fact that the membrane vesicle preparations from 144-day-gestation fetuses and 24-h-old lambs, although showing a significant maturational change in Na+/H+ antiporter Vmax, were comparable to each other in terms of enzyme enrichments and intravesicular glucose space. The transport studies demonstrate an overshoot of sodium uptake into newborn membrane vesicles that was inhibited by amiloride, suggesting the presence of Na+ /H+ antiporter-mediated uptake. An equal degree of inhibition of uptake was achieved, over the range of extravesicular sodium concentrations studied, with MIA, a highly specific and potent inhibitor of the Na+/H+ antiporter.
The absence of overshoot in the fetal lamb membrane vesicles can be explained by the relatively low levels of Na+/H+ antiporter activity in these preparations. The inhibition of uptake with amiloride (and to an equal degree with MIA) is consistent with Na+/H+ antiporter-mediated uptake by these vesicles, despite the absence of an overshoot.
Increased Na+ uptake by microvillus membrane vesicle from newborn lambs, compared with those from fetuses, might be explained by a greater leak of Na+ into these vesicles. To examine this possibi lity, we measured Na+ uptake under conditions in which Na+/H+ exchange would be essentially turned off (alkaline pH) and where passive Na+ conductance would be maximized (an intravesicular negative potential). Under these conditions, we found a level of Na+ uptake by the vesicles from the fetuses comparable to the level of uptake these vesicles showed in the kinetic experiments.
In contrast to this finding, th .e levels of uptake by vesicles from newborn lambs, under conditions with minimal Na+/H+ exchange and maximal passive N 'a+ leak, were only -13% of the 1 evels of uptake seen in the kin etic experiments, values.
where there were conditions favoring Na+ /H+ exchange and minimal Na+ leak. These results suggest that some or perhaps all of the Na+ uptake we have measured in vesicles from fetuses may have resulted from passive diffusion of Na+, whereas most, if not all, of the uptake measured in vesicles from the newborns must have occurred by Na+ /H+ exchange. Consequently, the Na+ /H+ antiporter Vmax described for the vesicles from the fetuses must be considered a maximum possible value, and it is quite possible that there is actually less activity. The main point of this study remains: there is a maturation in activity of the Na+/H+ exchanger at the time of birth.
By using early time points (2 s), when uptake rates were linear, we have been able to generate kinetic data based on initial velocities of amiloride-sensitive Na+ uptake. Therefore, the kinetic data presented describe the Vmax and K, of the Na+/H+ antiporter from the proximal tubule luminal membranes of the animals studied. Our results yielded highly variable K, values from some of the fetal lamb membrane vesicles preparations, possibly as a result of the very low levels of uptake. Consequently, while we were unable to detect such differences, the possibility of the existence of differences among the groups with regard to the K, values of the Na+/H+ antiporter, unless large, cannot be excluded. and so may be playing a role in regulating sodium excretion in the newborn. Na+/H+ antiporter activity can be stimulated in various tissues through activation of a-and p-adrenergic receptors coupled to adenylate cyclase (12). Norepinephrine and the al-receptor agonist phenylephrine both increase Na+ /H+ antiporter-mediated Na+ uptake by adult rat renal proximal tubule segments in a dosedependent manner (13). Since there is a surge in circulating catecholamine levels and increased renal sympathetic nerve activity at birth (27, 30), the increased Na+/H+ antiporter Vmax in the newborn may be related to a-adrenergic receptor stimulation. The renal nerves have been shown to influence Na+/H+ antiporter activity in the adult rat renal cortex (26). They do not, however, appear to play an important role in mediating the increase in sodium reabsorption that occurs after birth (38).
There may be an interaction between the effects of glucocorticoid and circulating catecholamines in stimulating increased Na+/H+ antiporter activity at birth. Glucocorticoids increase cxlB-adrenergic receptor gene transcription and translation in cultured hamster smooth muscle cells (34). The predominant cx-adrenergic receptor in the sheep kidney is the al*-adrenergic receptor (14), and CY iB-adrenergic receptor mRNA levels are upregulated in the term sheep fetus and newborn lamb (15) . Therefore, upregulation of the arIB-adrenergic receptor in the late term fetus proximal tubule by glucocorticoid could potentiate the effect of high levels of circulating catecholamines, which appear immediately after birth, to increase proximal tubule Na+/H+ antiporter activity. In support of this possibility is the observation that newborn lambs, compared with preterm fetuses and adults, show an increased sensitivity to phenylephrine-induced sodium reabsorption ( 16) .
Dopamine has a natriuretic effect in the proximal tubule (23) and inhibits Na+ /H+ antiporter-mediated sodium uptake by adult rat proximal tubule segments in a dose-dependent manner (13). Since there are high levels of dopamine produced by the fetal kidney (6) and dopamine acts in the kidney as a paracrine hormone (37), it is possible that there is a tonic inhibition of the proximal tubule Na+/H+ antiporter by dopamine in the fetus. The renin-angiotensin system is another hormonal system that undergoes marked developmental regulation. Angiotensin II levels and plasma renin activity increase immediately after birth (8). Angiotensin II stimulates Na+ /H+ antiporter-mediated Na+ uptake and hydrogen ion secretion in the proximal tubule (13). Of particular pertinence to newborn renal sodium handling is the recent finding that dopamine antagonizes the stimulatory activity of angiotensin II on the Na+ /H+ antiporter by impeding angiotensin II receptor binding (36); both of these hormones appear to have receptors on the luminal membrane and act through local adenosine 3',5'-cyclic monophosphate-independent signal transduction mechanisms.
This study does not help resolve the discrepancy between previous studies investigating the maturation of Na+ /H+ antiporter activity. Renal cortical microvillus membrane vesicles from rats show a decline in Na+/H+ antiporter activity during the early weeks of life (40), whereas isolated perfused tubules from rabbits show an increase in Na+/H+ antiporter activity during the first 6 wk of life (4). Our observation of an increase in Na+/H+ antiporter activity during the transition from fetus to newborn could be consistent with either pattern of maturation. Maximal Na+ /H+ antiporter activity immediately after birth seems plausible; this is a time of hemodynamic changes associated with marked stimuli for sodium retention (elevated renal sympathetic nerve activity and increased circulating catecholamine, glucocorticoid, and angiotensin II levels). Resolution of this discrepancy requires further study.
This study demonstrates a significant increase in Na+/H+ antiporter activity during the transition from fetus to newborn. These results support the hypothesis that the Na+ /H+ antiporter plays a role in mediating the increase in urinary sodium reabsorption that occurs shortly after birth. An understanding of the mechanisms involved in regulating Na+ /H+ antiporter-mediated sodium uptake in the proximal tubule at this time of profound changes in renal sodium handling may allow for an understanding of derangements in sodium handling in the newborn period as well as later in life. 
